O
ral vaccination programs against rabies in foxes have been successfully used to decrease the incidence of rabies substantially in participating countries in Europe. 1, 2 However, in some areas, eradication of rabies has proven more complicated and protracted than originally estimated. 2 Several factors have been identified as possible causes for these setbacks. For example, the low vaccination coverage of fox cubs was considered to be the main factor contributing to the maintenance of rabies in the Swiss Jura. 3 Hence, in Switzerland and several other countries, an alternative vaccination strategy was implemented by placing baits at fox dens in early summer to improve the vaccination coverage of these animals. [4] [5] [6] Substantially increased bait uptake by the target subpopulation, fox cubs, was observed after distribution of vaccine baits at den entrances. However, the expected benefit was not supported by serologic findings, and it was assumed that maternally transferred immunity may have interfered with the active immunization of the fox cubs. 5 In Europe, vaccination campaigns are generally performed twice a year, in fall and spring. 1, 7 Although it is assumed that, in areas where vaccination has been attempted, most of the cubs are born to immunized vixens, no experimental data on maternally acquired immunity and its influence on the induction of a specific immune response after vaccination against rabies in foxes is available to support this assumption. From a few experimental and epidemiologic studies with dogs and mice, it is known that vaccination of dams against rabies results in transfer of maternal antibodies (maAb) to the offspring. 8, 9 The immune response in fox cubs is the result of the ontogenic development of the immune system and possible maternally transferred immunity. The presence of maAb against rabies in the juvenile fox population is of practical relevance because maAb may influence the induction of a specific immune response after vaccination. Also, European authorities require that experiments to determine this response be performed for every vaccine intended for registration. 10 Because there is a paucity of information regarding this subject, the purposes of the study reported here were to experimentally determine the influence of maternally transferred immunity on the immune response of young foxes after oral vaccination against rabies and determine whether these foxes were sufficiently protected against a relevant challenge.
Material and Methods
Maternal antibodies-To determine the concentration of maAb, 48 captive-bred litters comprising 250 cubs were examined in 1998 and 1999. Two sets of cubs were used; 185 cubs were whelped by 36 vixens that had been vaccinated orally with modified-live virus vaccine SAD B19 a shortly before mating or during early pregnancy, and 65 cubs were Effect of maternal immunity on the immune response to oral vaccination against rabies in young foxes Thomas Immune response-To test the effect of maternally transferred immunity on the development of the immune response after vaccination against rabies, only cubs born in 1999 were used. All cubs and vixens were marked individually by use of electronic identification.
b Each litter was divided into 2 groups in order to obtain data from a wide age spectrum (23 to 71 days); the first group was vaccinated at a young age (23 to 48 days), and the second group was vaccinated approximately 3 weeks later. Seventy-one MV + cubs and 33 MV -cubs received 1.5 to 2.0 ml (10 6.7 foci formatting units/ml]) of SAD B19 by direct oral instillation. Immediately after vaccination, the vaccinated cubs were kept separated from their littermates for 2 hours to prevent possible horizontal transmission of the vaccine virus. Blood samples were collected immediately before vaccination and at a mean of 21, 39, and 57 days after vaccination.
Challenge inoculation-Ten and 6 MV
+ and MV -cubs, respectively, vaccinated between 23 and 54 days of age, were selected for challenge inoculation, together with 6 control cubs (nonvaccinated cubs of corresponding age and born to nonvaccinated vixens). Challenge exposure was done by IM administration of 1 ml (10 5.3 tissue culture infective dose [TCID] 50 ) of rabies virus in the masseter muscle, 100 days (mean value) after vaccination. For vaccination, the cubs were anesthetized with 1 ml mixture of ketamine hydochloride (115.34 mg/ml) c and xylazine hydrochloride (20 mg/ml). The challenge virus (CVS/USA/TX coyote/295/R/061893) e was isolated from the salivary glands of a rabid coyote (Canis latrans) and was selected because of its high pathogenicity (100% mortality of control animals). 11 Furthermore, a vaccine intended for use in wildlife should be effective against all variants of rabies virus serotype 1.
Cubs that had clinical signs of rabies were euthanatized by administration of 1 ml of a barbiturate solution (105 mg/ml).
f The surviving cubs were euthanatized 76 days after the last cub succumbed to rabies. To prove the presence of viral antigen in all challenge-inoculated cubs, the brain was collected immediately after death for fluorescent antibody testing. A blood sample was collected at the end of the challenge test from all surviving cubs. Animal experimentation was performed according to the German Animal Welfare Act (Tierschutzgesetz) of May 25, 1998. Experimental design of the challenge test was approved by the responsible German authorities.
Diagnostic tests-Serum samples were evaluated by use of the rapid fluorescence focus inhibition test as described by Smith et al, 12 with modifications of that method as described by Cox and Schneider. 13 Prior to testing, sera were heat-inactivated for 30 minutes at 56 C. To calculate the titer, a 50% reduction in concentration of rabies virus in vitro was calculated by use of inverse interpolation. The rabies virus neutralizing antibody (nAb) titers were converted to international units by comparison with international standard immunoglobulin g and adjusted to 0.5 U/ml, which served as a positive control.
14 Detection of rabies virus antigen was done by use of a fluorescent antibody test (FAT), as described.
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Statistical analyses-For MV + and MV -cubs, relationships between age and nAb titers related to maternally transferred immunity were analyzed by use of linear regression. Prior to analysis, data were log 10 -transformed to achieve normal distribution. Additionally, 95% confidence limits of the regression analysis were calculated. By use of this approach, differences between groups in regression lines are significant if the 95% confidence limits do not intersect. A Student t-test or a Tukey test following an ANOVA was used to compare differences between geometric mean titers (GMT) of MV + and MV -cubs.
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Results
Maternal antibodies-Prior to whelping, GMT of the vaccinated vixens (21 days after vaccination) and the unvaccinated vixens were 7.07 (n = 36) and 0.15 U/ml (12), respectively. The maAb GMT of MV + and MV -cubs (23 to 71 days) were 0.23 (n = 218) and 0.15 U/ml (78), respectively (P < 0.001). An exact titer was not determined for 1 MV -cub born in 1998; therefore, this cub was omitted from further statistical analysis. In contrast to MV -cubs, individual nAb titers of the MV + cubs had considerable deviation (Fig  1) . When compared with the international standard, only 44 of 218 (19.8%) blood samples from MV + cubs had individual nAb titers ≥ 0.5 U/ml. During the first 7 weeks of life, MV + cubs had nAb titers that were significantly higher than that of the MV -cubs (Fig 2) . Furthermore, a significant (P < 0.001) decrease of the nAb titers of MV + cubs was observed from 23 to 68 days of age. Significant differences in nAb titers were not detected between MV + and MV -cubs from day 51 onwards.
Immune response-In blood samples obtained approximately 21, 39, and 57 days after vaccination, GMT for all vaccinated MV + cubs (n = 71) were 2.85, 2.11, and 0.79 U/ml, respectively, and for all vaccinated MV -cubs (33) were 12.19, 6.76, and 4.02 U/ml, respectively. For all 3 samples, GMT of the MV + cubs was significantly (P < 0.001) lower than that of the MV -cubs. Immune response patterns of the vaccinated MV + and MV -cubs, in relation to their age at the time of vaccination, were markedly different. The MV -cubs that were vaccinated at 5 weeks of age developed GMT above the threshold of 0.5 U/ml; these cubs had lower GMT than MV -cubs that were vaccinated at older ages, although this difference was not significant (Fig 3) . The MV + cubs that were vaccinated at 4 to 7 weeks of age had a significantly (P < 0.001) lower immune response than cubs that were vaccinated at an older age (Fig 4) . The MV + cubs that were vaccinated at ≥ 8 weeks of age had strong induction of nAb after vaccination, and the GMT remained high, compared with cubs that were vaccinated at a younger age. No significant difference in immune response was observed between MV + and MV -cubs that were vaccinated at ≥ 8 weeks of age. rabies via FAT. All cubs that developed nAb titer of 0.5 U/ml or greater prior to challenge inoculation survived (Fig 5) .
Discussion
In mammals, antibodies are transferred from the dam to the offspring through the placenta and via colostrum. The relative importance of each route varies among species and is related to placental cyto-architecture. 18 Foxes, like dogs, have an endotheliochorial placenta, and most of the maAb transfer occurs by means of intestinal absorption of colostrum. The period during which the intestine is permeable to proteins varies among species and, to a degree, by immunoglobulin class. In general, permeability is highest immediately after birth and declines rapidly within 24 hours because of maturation of intestinal cells and establishment of intestinal flora. 19 In our study, maAb at concentrations ≥ 0.5 U/ml, an arbitrarily defined threshold indicative of protection against rabies infection, were detected only in a few cubs whelped by vixens that had been vaccinated against rabies (Fig 1) .
14 Several MV -cubs also had titers close to 0.5 U/ml; however, because nonspecific serum factors may mimic low-concentration rabies nAb titers, measurement below this threshold is difficult.
The relatively low or absent (< 0.5 U/ml) nAb titers observed in some MV + cubs could be a result of the fact that maAb had already disappeared at the time of sampling or that they are not always detectable by use of seroneutralization tests. For example, in dogs, concentrations of maAb 30 days after ingestion are 1 to 3% of their initial value. 19 Unfortunately, blood samples could not be collected from the fox cubs during the first 3 weeks after parturition because of the extreme susceptibility of vixens to disturbance. The youngest cubs sampled were 23 days old. At that time, the maAb titers had most probably already decreased to low concentrations, compared with the initial concentrations shortly after birth.
To the authors' knowledge, this study is the first to clearly reveal partially impaired immune response in fox cubs < 8 weeks of age born to vaccinated vixens. On the basis of our results, there is evidence that inhibition of active immunization exceeded the period during which maAb were present at detectable concentrations. This is in accordance with results obtained in mice and puppies. 20, 21 Interference caused by maAb is thought to be mediated by several mechanisms, including neutralization of the vaccine by antibodies, induction of tolerance in naive B-cells by binding of complexes formed between maAb and the vaccine virus, and a putative suppressive mechanism induced in cubs by maternally transferred immune effectors. 20 Small amounts of antibodies, well below the detectable concentration (< 0.5 U/ml), may influence activation of the immune response by various mechanisms. 9 Apart from maAb, other soluble factors and the cellular components of colostrum may impair the immune response. 22 Hence, it seems that the response to vaccination is a more sensitive indication of the presence of maternal transferred immunity than are results of in vitro serologic tests. 18 Also, an immune system that is incompletely developed at birth may result in vaccination failures. In our study, 5-week-old MV -cubs responded to oral vaccination with nAb titers greater than the threshold of 0.5 U/ml, indicating that they were fully immunocompetent; however, these cubs did not respond as well as older MV -cubs. Concerning safety aspects linked to oral vaccination of foxes, results of this study clearly indicate that the use of the modifiedlive virus vaccine SAD B19 is completely safe for young foxes, as described. 23 None of the fox cubs died from vaccine virus-induced rabies, and adverse reactions were not observed.
Generally, variability of maAb concentrations between and within litters makes it quite difficult to determine the age at which young animals can be successfully immunized. However, significant differences in nAb titers between nonvaccinated MV + and MV -cubs did exist until 51 days of age. This is supported by the fact that a difference was not detected between groups in response to vaccination at 8 weeks of age or older.
The relevant question is: are vaccinated fox cubs effectively protected against rabies? Our results were inconclusive; most vaccinated MV + cubs (70%) and 1 vaccinated MV -cub (16%) succumbed to rabies during the challenge-inoculation experiment. However, all cubs that developed nAb titers > 0.5 U/ml after vaccination, irrespective of the immune status of the dam, survived challenge inoculation, whereas all cubs with titers < 0.5 U/ml succumbed to rabies. The amount of virus and pathogenicity associated with natural infection would most probably be much lower than was used in the experimental conditions reported here.
Our results suggest that maternally transferred immunity in fox cubs may interfere with the development of protective immunity induced by rabies vaccination. Fox cubs < 8 weeks of age born to vaccinated vixens have partially impaired immune responses that result in insufficient protection against rabies. This inhibition of the immune response exceeds the period during which maAb are present at detectable concentrations. In contrast, cubs of naive vixens may be successfully vaccinated by the oral route at a relatively early age (5 weeks) and are protected against relevant challenge.
In young foxes, the influence of maAb on development of the immune response after active oral vaccination is of practical relevance, because den baiting, double vaccination (2 vaccination campaigns within a 2-to 3-week period), and vaccination during early summer have been discussed as alternative strategies 5, 7 after recent set-backs in oral vaccination campaigns. 1, 2 The timing of vaccination campaigns, such as den baiting or vaccination during early summer, intended to immunize the young fox population in areas where vaccination has been undertaken previously, should be adjusted accordingly to avoid potential interference caused by maAb. 
